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1. Summary

1a. Introduction

The subject research was undertaken by faculty of the Department of Mechanical Engineer-
ing, University of California at Berkeley, under the a NASA-AMES, University Consor-
tium Agreement, NCA2-757. The work was to provide collataral data, supplementing but
not duplicating the work of a much larger effort conducted under joint NASA and AGARD
sponsorship. This latter work, which is now well documented in many internal and external
publications, was conducted at various European laboratories and supplemented through
calculation and other work in the United States. The work of the present report was not

funded through NASA/AGARD, although study of the MESUR Aeroshell was common to

the two programs.

The MESUR Aeroshell is a standardized sphere-nose, 70 deg. half-angle cone with

specified ratios of cone diameter to nose and edge radii. This shape is expected to be of
importance for research satellites and for Mars explorations and landings. Work of the con-
sortium at Berkeley would, as elsewhere, examine flow fields and aerodynamic forces on
the standard shape. However, since all other work involved the use of nitrogen or argon or
helium, it was proposed that the studies at Berkeley would focus on the use of carbon diox-
ide as the primary test gas. This seemed a particularly interesting decision since CO2 is
one of the principle atmospheric constituents both for Mars and for Venus. It was proposed
that testing would be done within the Berkeley Rarefied Gas Wind Tunnel using the elec-
tron beam system to measure flowfield density and that a torsion balance would be con-
structed to measure lift and drag. Hypersonic flows would be produced by free jet expan-
sion from the exit orifice of a heated ceramic tube.

lb. Personnel.

Two graduate students of mechanical engineering who were seeking projects leading to
degrees in engineering at the Masters level were engaged as Graduate Assistants. The first
of these, Mr. Javier Barraza, became supported in part through a NASA Minorities in Gra-
duate Study Fellowship which was awarded in the spring of 1993 and continued until the

spring of 1995. Mr. Barraza was assigned responsibility for the electron beam studies.

Mr. Gabriel Millos, the second of the two Graduate Assistants, was supported through a

two-year Cota-Robles Fellowship, awarded in July 1993. The second portion of the work,
that of the construction and use of the torsion balance, was assigned to Mr. Millos. Both

persons were also involved in alterations and renewal of the tunnel in preparation for the
work to come.

The University and NASA were very fortunate to obtain these two fine persons as Graduate
Assistants. Both worked with diligence and effectiveness and each developed significant
information. Both were awarded degrees at the Master's level as of December, 1995.

1c. Funding

The original grant of $40,000.00 served through the initial period of the Consortium Agree-
ment and through three additional extensions without additional funding. Expenditures
were limited to the purchase of supplies, replacement components, hourly pay for elec-
tronic or mechanical technicians and for other miscellaneous expenses.
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2. Researchactivitiesandresults.
2a.A detailedreportby JavierBarrazawassubmittedin partialsatisfactionof theMasterof
EngineeringDegreeunderthetermsof Plan2. A copyof this report,which is amajor ele-
mentof this final report,containsadetailedaccountof theseveralportionsof Mr. Barraza's
work. Theseare listed as follows: Developmentand calibrationof a CO2 flow metering
and control system,Installationand trial of a LN cooledcryogenicpump to increasethe
massflow of CO2, Restorationandcalibrationof themonochrometeranddetectorsystem.
This activity includedthe installationof new collection optics. Testingof the complete
systemin efforts to identify suitableCO2fluorescentlines andto obtain intensity calibra-
tions asa function of the local densityof CO2. Modificationof thevacuumbuffer which
lies betweenthe exit orifice of theelectronbeamassemblyandthehigh vacuumbeamgun.
Thismodificationwasneededto reducethediffusionof CO2from thetestsectionalongthe
beampathback to the electronemitter. Continuingrepairswererequiredto curtail break-
downof the insulationon thehighvoltageleadswithin theelectrongun.

As it ultimately developed,it wasimpossibleto meetthe objectivesof the study. Thepri-
maryobstaclewasfoundto be thelow frequencynoisearisingfrom theinteractionof CO2
with theheatedbeamfilament. RepeatedtrialsusingNitrogen,thenCO2,producedsimilar
results. With Nitrogen flows steadyfluorescentlineswould be seen,very muchasin the
manypreviousstudiesusingthis equipment.TheNitrogenflow would thenbestoppedand
a smallflow of CO2wouldbeintroduced.Within avery shorttimelow frequencynoiseof
thefluorescentsignalwouldbeobserved,with theeffect that thespectrafrom scanto scan
couldnot becorrelated.

Only a few studiesof electronbeamfluorescencein CO2 havebeenmade. Thesewere
conductedin staticsystemsin which theelectronbeamsourcewaswell isolatedby a high
vacuumbuffer chamber. Modificationsof our systemwereconsidered,but nonecould be
implementedwithin theconstraintsof time andavailablefunding. A well controlledexam-
ination of the productionof electronemissionnoise in the presenceof CO2 and other
potentiallyreactivegaseswouldproveof practicalvalueandwouldalsoprovideanavenue
towardsnewfundamentalinformation.

2b. A detailedreport "Flat plate and MESURAeroshellDrag Measurementin Rarefied
GasFlowsof Nitrogenand CarbonDioxide" wassubmittedby GabrielMillos in partial
satisfactionof the University requirementsunder Plan 2. for the Degreeof Master of
EngineeringScience.Mr. Millos designeda generalpurposetorsionbalance,contributed
to its construction,and,following someperiodof calibrationandinitial testing,measured
theaerodynamicdragonaluminumflat platesandon theMESURAeroshell,alsoof alumi-
num. Theangleof attackwasvariedin thesetests,andbothN2 andCO2wereuseastest
gases.DensityandMachNumberwerecalculatedat themodelmid-point. In thesemeas-
urementstheflow Machnumberwas14.5for N2and 10.3for CO2. TheKnudsennumbers
rangedfrom 0.057to 0.300. Backgroundandresultsarereportedin full in Millos' report
whichconstitutesthesecondmajorelementof this final report.

Thereaderwill notethat DragCoefficientsfor theflat platein Fig. 5 wouldappearto show
substantialerrorsof measurement,althoughthe secondrunwith CO2(solid triangles)may
well becorrect. The work representedin Figs.6 through12shouldbeacceptedas giving
trendsandmagnitudescorrectly. Unfortunatelyanoveralluncertaintyanalysiswasnot per-
formed. Mr. Millos workedwith greatcareandintelligencein all areasand measuredthe
sensibilityof the balancesystemcarefully. Healso providesa thoroughdiscussionof the
determinationof flow characteristics.The small sizeof thefree jet expansionresultedin
undesirableflow divergenceand,relativeto theaxial lengthof themodelat angleof attack,
a rapidchangein flow propertiesalongtheaxis. Occasionalinstabilitiespossiblyrelatedto
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this shortcomingarediscussedin thereport.

Drag coefficientsover all valuesof the KnudsenNumberandat all anglesof attackwere
found to be smaller for CO2 than for N2. In all casesusing CO2, values of the drag
coefficientrosefrom valuesof 2.00or below in nearcontinuumflows, to valuesof 3.00or
larger at the largest KnudsenNumbers. In several testsusing N2 the trends of Drag
coefficient were foundto be similar althoughthe valuesof CD for nearcontinuumflows
would be largerandthe slopeto thelargerKnudsenNumberswould be smaller. In a few
casesvaluesof CD for N2 remainedconstantat about 3.00 or larger over the rangeof
KnudsenNumber. Theseinconsistenciescould not be rationalizedwithin the time avail-
ableto Mr. Millos.

Values of CD determinedfor the Aeroshell are shown in Figures 9. through 12. The
behavioris very similar to that for theflat platebut the valuesat all KnudsenNumbersare
slightly smaller. The Aeroshellat 90 Deg.may be comparedto the flat plate at 70 Deg.
Resultsfor CO2 for theAeroshellindicatevaluesof CD rising from about 1.75to about3.,
while thosefor theflat plate at 70Deg.rise from a valuejust below 2. to avaluejust above
3.

3. Summary
The work conductedby two MastersDegreecandidatesunder ConsortiumAgreement
NCA2-757is describedin the foregoingparagraphs.Both students,Mr. JavierBarrazaand
Mr. GabrielMillos, wereawardedMastersDegreesasof December,1995. In bothcases
thework hasprovidedusefulbut preliminary informationrelating to theconductof studies
of theMESURAeroshellin rarefiedgasflowsof CO2andN2.

Thework wasconductedunderthesupervisionof ProfessorF.C.Hurlbut, PrincipalInvesti-
gator,and ProfessorsM. Holt andV. Carey,2nd and3rd Principal Investigatorsin colla-
borationwith Dr. JohnCavolowskyof NASA AmesResearchCenter.

Reportsubmittedby

J.Cavolowsky,
Chief of ReactingFlow EnvironmentsBranch,NASA AmesResearchCenter


